ABSTRACT In this paper, a nonsingular terminal sliding mode control (NTSMC) scheme with a recurrent neural network (RNN) structure is proposed for an active power filter (APF). The RNN proposed in this paper can approximate unknown part of system more accurately than the traditional neural network (NN), owing to the feedback loops in its hidden layer, where weights and output signals are stored and regarded as feedback signals. Compared with the traditional NN with fixed centers and widths, the centers and widths of the RNN are updated in real time by adaptive laws, which are derived based on the Lyapunov stability theory and Taylor series, and eventually stabilize at the optimal value. In addition, a nonsingular terminal sliding mode controller is developed to ensure that sliding surface and equilibrium point can be reached in a short finite time and simultaneously avoid singular problems existing in ordinary sliding mode controller. Simulation studies are conducted to verify the effectiveness of the developed scheme.
I. INTRODUCTION
Due to the rapid development of power electronics technology,a large number of power devices have been influxed in various industries, which has led to a large amount of harmonic pollution in the power grid. The methods for suppressing harmonics mainly include passive power filters and active power filters(APF). Compared with the passive power filter, The APF has a lot of advantages, such as a large range to offset harmonic frequency, outstanding performance of fast dynamic compensation for harmonics, small size and so on. APF, injecting harmonic current into power grid, is currently the most important device for suppressing harmonics.
In recent years, many excellent intelligent adaptive control algorithms have been applied to APF and other nonlinear systems. For a class of single-input and single-output nonlinear systems, Zhou et al. [1] investigated an adaptive fuzzy state feedback control method. Li and Tong [2] proposed an adaptive fuzzy tracking control scheme for uncertain nonlinear systems with multiple-input and multiple-output and arbitrary switching. A backstepping fuzzy adaptive control method for uncertain nonlinear systems with quantized signals was applied in [3] . To identify the dynamic parameters of the robot's motion with improved convergent rate, Yang et al. [4] designed a robot control method. An adaptive control method for a multimode battery charger was investigated in [5] .
Recently, sliding mode control (SMC) combined with adaptive control methods is widely used to control APF and other nonlinear systems. In [6] , a sliding mode control was designed to control a three-phase APF large-signal model. To control a class of wireless power transmission systems with series compensation, Yang et al. [7] presented a discrete sliding mode control method. An adaptive fuzzy sliding mode control method was studied for a photovoltaic grid-connected inverter system in [8] . Chu et al. [9] proposed an adaptive dynamic global sliding mode controller based on PID sliding surface using RBF neural network for APF. When the uncertainty and the external disturbance of microgyroscope model are unknown, Feng et al. [10] proposed an adaptive super-twisted sliding mode control method.
In the traditional sliding mode control method, a linear sliding plane is usually selected to make the tracking error asymptotically converge to zero. But the tracking error cannot converge to zero in a finite time. In recent years, some scholars have proposed a terminal sliding mode control strategy, which added a nonlinear function to the sliding plane to make tracking error on the sliding surface converge to zero in a finite time. Wang et al. [11] proposed a tracking control scheme to control an automotive electronic throttle system, which used a continuous fast nonsingular terminal sliding mode method with an uncertainty observer. Wang et al. [12] presented an adaptive time delay fractional-order nonsingular terminal sliding mode control method to control cable-driven manipulators. In the case where the uncertainty of the system and the upper bound of the external disturbance are known or unknown, a robust and adaptive nonsingular fast terminal sliding-mode control method was presented for trajectory tracking in [13] . Safa et al. [14] proposed a nonsingular terminal sliding mode control method to develop a control framework for the position tracking of a linear piezoelectric ceramic motor. Yang et al. [15] proposed a time-specified nonsingular terminal sliding mode technique for trajectory tracking of robotic airships. Haghighi and Mobayen [16] proposed an adaptive super-twisting decoupled terminal sliding mode control method to control a set of fourth-order systems. Mu and He [17] studied the dynamic behavior of terminal sliding mode control for nonlinear systems.
The NN is widely used in nonlinear system because of its strong capacity to approximate any unknown smooth functions. Wang et al. [18] presented a NN control method for visual servoing robotic system with unknown output nonlinearity. An adaptive NN estimator with an adaptive fractional order sliding mode controller was developed in [19] . Sharafian et al. [20] proposed a sliding mode control method with RBF NN to solve the consensus problem of multi-agent systems. In [21] , an adaptive sliding mode control method with a double loop RNN structure was presented for nonlinear dynamic systems. Fang et al. [22] presented an adaptive backstepping fuzzy sliding mode control for a flexible structure. Zhu et al. [23] presented a nonlinear control method for a medium density fiberboard continuous hot pressing hydraulic system. An adaptive RBF NN fuzzy control method was presented to control a shunt APF system in [24] . Liu et al. [25] presented a robust adaptive backstepping sliding mode control scheme with recurrent wavelet fuzzy NN to regulate the speed of a six-phase permanent magnet synchronous motor.
Motivated by the above research results, this paper presents a nonsingular terminal sliding mode control (NTSDC) scheme using a recurrent neural network (RNN) structure to achieve the current tracking and improve the dynamic performance for an APF. The contributions of the study can be summarized as follows:
(1) APF has nonlinear characteristics and its parameters are easy to be affected by external disturbances. The universal approximation of NN can approximate arbitrary continuous functions with arbitrary accuracy, independent of system parameters, which is suitable for approximating the unknown nonlinear part of APF. The proposed RNN not just has the advantages of regular NN, in addition, it can approximate the unknown part of APF more accurately, owing to the more internal loop information stored in the hidden layer (2) The basic widths and centers of regular NN need to be set in advance, which are fixed and unchangeable, lacking theoretical guidance, and the value needs to be reset with different inputs. The designed RNN can achieve the self-adjustment effects of the base widths, centers, weights and feedback weights of the hidden layer under the influence of adaptive laws. The adjusted values ultimately tend to be a stable value.
(3) In the ordinary sliding mode control, after the system reaches the sliding mode surface, which is usually a linear sliding surface, the tracking error will asymptotically converge to zero. The asymptotic convergence rate can be achieved by adjusting the parameters of the sliding mode surface. However, the state tracking error cannot converge to zero within a limited time. The proposed nonsingular terminal sliding mode, owing to the introduction of nonlinear functions in the design of sliding hyperplane, the tracking error on the sliding surface can converge to zero within a finite time, and the dynamic performance of the system is more predominant than the ordinary sliding mode control. Additionally, the nonsingular terminal sliding mode control avoids the singular problems that tend to arise in the ordinary terminal sliding mode control. 
II. DYNAMICS OF ACTIVE POWER FILTER
The block diagram of a three-phase shunt active power filter (APF) is shown in Fig.1 . According to Fig.1, v According to circuit theory and Kirchhoff rules, the following formulas can be acquired:
where v MN represents the voltage between point M and N. We assume that the AC side power voltage is stable and
Switch function c k , which represents the On/Off states of the IGBT bridge in the APF system, is defined as :
is On and S k+3 is Off 0, if S k is Off and S k+3 is On
where, k = 1, 2, 3. (1) can be changed as:
We define the switch state function d nk as:
The equation (5) shows that d nk depends on c k . This is also a reflection of the mutual influence of three-phase currents. In addition, based on equation (5) and the eight switching patterns of IGBT, we can get the conversion relationship between c k and
Then equation (4) becomes:
In the practical application, APF tends to be affected by various unknown external disturbances and parametric perturbation owing to the aging inductor and capacitor. Considering outside interference, We assume that
T is the unknown external disturbance of the system, L c1 , R c1 and C 1 are the nominal values of the system parameters, L, R and C are the variations of parameters. Then equation (7) can be expressed as:
For the convenience of analysis, Equation (8) can be changed as:
where
To design a current controller, we only take the first three equations in equation (9):
The derivative of equation (10) is:
According to the equation (11), it can be seen that no mutual coupling exists among the phases of '1', '2' and '3', even though it is a multiple-input and multiple-output system. So this multivariable control can be simplified into three single variable controls. The system model can be express as:
We assume that F is the lumped indefiniteness, which has an upper bound |F| ≤ F d , and F d is a positive number.
III. NONSINGULAR TERMINAL SLIDING MODE CONTROLLER (NTSMC)
In this section, a nonsingular terminal sliding mode controller (NTSMC) is proposed to control an APF. The main advantages of NTSMC are fast convergence, singularity avoidance and strong robustness under system disturbance.
The design of NTSMC usually contains the following three steps:
(1) The design of sliding surface s; (2) The design of equivalent control law u eq ; (3) The design of switching control law u sw ; Considering the model of APF in (12), we define system parameters as follows:
T . e represents tracking error and e = x − x d = [e 1 , e 2 , e 3 ] T . The derivative of the tracking error isė = x −ẋ d . The second derivative of the tracking error isë = x −ẍ d .
In the first step, the nonsingular terminal sliding mode surface is defined as:
The derivative of equation (13) is:
The second step is the design of equivalent control law u eq . It is received by makingṡ = 0. Ignoring the lumped indefiniteness F, the equivalent control law u eq is derived as:
Considering the uncertainties and external disturbances of the system, We design the switching control law u sw as:
where k is a positive constant, slightly larger than the upper bound of lumped indefiniteness F d . Then the designed control law becomes:
Theorem 1: Considering the system model (12) , if the NTSMC sliding surface is set as (13) and the control law is designed as (17) ,then the system will converge to the sliding surface s = 0 in a finite time.
Proof: Consider the following Lyapunov function candidate:
Differentiate V with regard to time:
Substituting the control law (17) into (19) yieldṡ
) , k is a positive constant, slightly larger than the upper bound of lumped indefiniteness F d . According to the Lyapunov stability theory, the Lyapunov function is positive definite, and its derivative is semi-negative definite, which can guarantee the stability of the controlled system.
Remark 1 (Limited Time of Arrival Analysis):
Substituting the control law (17) into the system model (12), the following formula is obtained
Whenė = 0, we getë = F − k sgn(s). Taking sliding mode gain k slightly larger than the upper bound of lumped indefiniteness F d , if s > 0, we can getë < 0 that driveė to reduce quickly; Similarly, if s < 0, we can getë > 0 that driveė to increase rapidly. Therefore, ifė = 0, the system will converge to the sliding surface s = 0 in finite time.
IV. NONSINGULAR TERMINAL SLIDING MODE CONTROLLER USING RECURRENT NEURAL NETWORK (RNNNTSMC)
Although the control law designed in (17) can ensure the stability of the system, but it contains f , which is the unknown part of the system. Considering that the NN has universal approximation, the RNN is introduced to approximate the unknown part f and a nonsingular terminal sliding mode controller using a recurrent neural network (RNN) structure is proposed to achieve tracking target. 
A. RECURRENT NEURAL NETWORK STRUCTURE DESIGN
The proposed RNN structure is shown in Fig.2 , in which Z −1 is a time delay. The proposed RNN is a three-layer neural network structure, which contains an input layer, a hidden layer with a feedback unit and an output layer. The recurrent feedback is embedded in the network,in which the neural weights connect the neurons in the hidden layer. The new RNN proposed in this paper with a feedback loop in the hidden layer, where the weights and output signals are stored and regarded as the feedback signals, can approximate unknown part of system more accurately than the traditional NN. Compared with the fixed widths and unchangeable centers of regular NN, the parameters of RNN are updated online and eventually stabilize at the optimal value to get favorable approximation performance. The signal connection and implication in each layer are introduced as follows.
(1) Input layer: The input layer completes the transmission of the input signal. For every node in this layer, the input signal and the output signal are all 
For the purpose of deriving the output of RNN, we define the vectors W , W r , c and b in the RNN as:
Then,the neural output can be expressed as:
B. RNN APPROXIMATOR
Assuming that optimal parameters W * , W * r , c * and b * exist,which can estimate the unknown part of the system f , we define that f = W * T h * + ε, where h * is shown as h * = h * (x, c * , b * , w * r ), and ε is the error between the optimal value and the actual value. The estimate value of f isf = W Tĥ (x,ĉ,b,Ŵ r ).
The approximation error between estimated value and unknown part f is:
We define that the approximation error in (30) 
The elements in Dh c , Dh b and Dh Wr are defined as
Define 0 =Ŵ T + ε 0 to denote the lumped approximation error which is assumed to be bounded such as 0 ≤ d , where d is a positive constant.
C. NONSINGULAR TERMINAL SLIDING MODE CONTROLLER USING RNN(RNNNTSMC)
In this section, a nonsingular terminal sliding mode controller using a recurrent neural network structure (RNNNTSMC) is proposed to control APF. The proposed RNN is introduced to approximate the unknown nonlinear part f . The block diagram of RNNNTSMC is shown in Fig.3 . Redesign the control law in (17) as:
Remark 2: Since Hyperbolic tangent function is a continuous smooth function, the chattering phenomena caused by the discontinuous function can be overcome by using Hyperbolic tangent function tanh( 
Design Lyapunov function candidate as: 
tr(W T rW r ) is marked as tr( * ).
The derivative of (37) iṡ
Substituting the control law (36) into (38) obtains: 
where (40), (41), (42) and (43) Substituting the adaptive laws (40), (41), (42), (43) into (39) yields. where k is a positive constant, k ≥ 0 +F d +ω max −|ω|+γ , and γ is a small positive number.
Remark 3: We assume that the upper bound of the system uncertainty is known, and we set k slightly larger than the upper bound of the system uncertainty. In addition, a neural network scheme or an adaptive method can be used to approximate and identify the upper bound of the system uncertainty adaptively which can reduce the chattering phenomenon simultaneously.
Therefore, the designed control law can guarantee that the derivative of the Lyapunov function is semi-negative definite. According to the second method of Lyapunov stability, it can be judged that the system is stable.V is a semi-negative,which indicates that the system will reach the sliding surface within a finite time and s is also bounded. The integral function oḟ V can be expressed as → 0, namely, s will asymptotically converge to zero, and e andė in the sliding surface function will asymptotically converge to zero. Therefore we summarize as the Theorem 2.
Theorem 2: The stability of the controlled system (12) can be guaranteed under the control law (36) and adaptive laws (40), (41), (42), (43) of the RNN. The unknown part of the system can be accurately estimated by the RNN. The tracking error of the system and the sliding surface will converge to zero ultimately.
V. SIMULATION ANALYSIS
Simulation with Matlab/Simulink is performed to verify the superior performance of the proposed scheme (RNNNTSMC). The parameters of the system in the simulation are listed in the Table 1 . We prove the superior performance of the proposed scheme from the follow two respects: (1) Steadystate responses for harmonic compensation; (2) Dynamic responses to load variations; In addition, compared with regular neural network sliding mode controller, simulation results prove that the proposed scheme has more accurate tracking trajectory, smaller tracking error and stronger robustness.
The parameters of the system are chosen as follows:
A. STEADY-STATE RESPONSES FOR HARMONIC COMPENSATION Fig.4 shows the steady-state response of the proposed method. In the Fig.4 , the curve of load current i L , the curve of source current i s , the tracking trajectory of compensation Fig.4.(B) , it can be found that severe distortion of the source current emerges caused by the nonlinear load at the beginning, and then it approximately becomes a sine wave with the addition of APF at 0.04s. In Fig.4.(C) and (D) , it can be seen that the compensation current tracks the reference current and the error is within an acceptable range. Fig.5 is comparison diagrams of the nonsingular terminal sliding mode controller using recurrent neural network (RNNNTSMC) and the ordinary neural network sliding mode controller (NNSMC) about the compensated current tracking trajectory and the tracking error. As can be seen from Fig. 5 (A) and (B) , the RNNNTSMC has a more accurate tracking trajectory and a smaller compensating current tracking error than the NNSMC. 6 is a spectrum analysis diagram of the RNNNTSMC and the NNSC. As is shown in Fig.6(A) , the Total Harmonic Distortion (THD) of the load current is 24.71% without the addition of APF, but the THD in the source current has been lower to 2.33% and 2.55% in case of the RNNNTSMC method and the NNSMC method in Fig.6.(B) and (C), respectively. Thus, the RNNNTSMC method is superior to the NNSMC method in terms of harmonic compensation. 
B. DYNAMIC RESPONSES TO LOAD VARIATIONS
Good system responses in case of dynamic load variations demonstrate effectiveness of RNNNTSMC. To create dynamic condition, the nonlinear load (R = 5 , L = 10mH ) suddenly increases by one time at 0.1s and decreases by one time at 0.2 s. Dynamic responses to load variations are shown in Fig. 7 . The source current can be smoothed in a very short period of time in spite of the sudden increase or abrupt decrease of the nonlinear load, which proves the strong robustness of the RNNNTSMC method. It can be seen that the compensation current exists little fluctuation due to the changes of the load. The compensation current tracks the reference current and the error is within an acceptable range. We add the PI controller at 0.04s. As is shown in Fig.8 , the DC link voltage can be stabilized at a reference value with the change of the nonlinear load, and the overshoot is small. The harmonic spectrums in 0.06s, 0.16s and 0.26s are shown in Fig.9 . Obviously, the THD is all below 5% in spite of the load variations, demonstrating that it is within the allowed standard as IEEE519 recommends.
Adaptations of b, c, W and W r of the RNNNTSMC are shown in the Fig.10 to Fig.13 . All these parameters are updated and tuned online by the adaptive laws and eventually become steady, indicating the excellent self-adjusting performance and stability of the RNNNTSMC,when the initial values of b, c, W and W r are set as arbitrary values.
VI. CONCLUSION
In this paper, a nonsingular terminal sliding mode controller using a recurrent neural network structure (RNNNTSMC) have been discussed and the effectiveness of the proposed RNNNTSMC have been analyzed and verified on matlab/simulink. The adaptive laws and the control law are derived by Lyapunov theory and Taylor series, and guarantee the stability of the system simultaneously. The unknown nonlinear part of APF is accurately approximated by the proposed RNN, not depending on system parameters. All parameters can automatically adjusted to stable values, regardless of what value of initial base widths and centers are set. Compared with the regular NN, the proposed RNN with a feedback loop in the hidden layer, which store the feedback signals, can approximate unknown part of system with higher approximation accuracy. The simulation results confirm that the compensation current realizes the tracking of the reference current in real time. Compared with the sliding mode control with the regular NN, the proposed scheme has more superior tracking performance and stronger robustness.
